I. INTRODUCTION
In heavy ion cyclotrons, beam phase measurement system is used as an effective tool for precise isochronous magnetic field tuning. The non-intercepting capacitive phase measurement, which measures currents associated with the image charges produced by the accelerated beam, is a method widely used for phase measurement in cyclotrons. 1, 2 However, this method needs intense beam bunches to produce the required phase information. 3, 4 Moreover, the phase measuring method in a compact cyclotron, that uses capacitive pick-up, gives an average over several turns. 5 At MSU, phase measurement was carried out using a scintillator detector positioned on the viewport hole just outside the beam acceleration zone 6 and the γ emission resulting out of beam hitting the main probe was detected. This arrangement, obviously, was not designed for obtaining the complete radial phase information. To overcome this problem, Si-PIN diode was used by the same group so that the detector can be inserted inside the cyclotron. However, radially varying signal-to-noise ratio due to rf pick-up inside the cyclotron imposes a serious limitation in accuracy of the phase information. 7 Plastic scintillator was also placed inside separated sector cyclotron at GANIL to measure the phase information of very low intensity radioactive ion beams. 8, 9 This method can be used only with low intensity beam since the beam hits directly the scintillator detector.
At the extraction zone of the compact superconducting cyclotron the magnetic field falls sharply and the beam phase changes abruptly. One needs to measure the phase accurately at short intervals in this region to ensure efficient beam extraction. This has been the main motivation for developing a scintillator based phase measurement system, by detecting prompt γ -rays, reported in this article. In the phase measurement methods by detecting γ -rays, one would need to overcome the challenge of extracting the phase signal in presence of high γ -background resulting from beam losses. 10 In our design the signal to background ratio has been remarkably improved. The details of the phase measurement setup and the measurements carried out using the same are reported in Secs. II and III.
II. EXPERIMENTAL DETAILS

A. Experimental arrangement
The phase probe assembly comprises an aluminium target-plate where the ion beam would be allowed to hit to produce prompt γ -rays, a glass window with "O" ring seal to isolate the scintillator assembly from the cyclotron beam chamber vacuum, the scintillator placed behind the glass window, and the liquid light-guide to carry the scintillation signal outside the cyclotron where a matching PMT is coupled to the light-guide. The front-end of the probe that is inside the cyclotron is shown in Figure 1 . The aluminium target plate is mounted on a radial steel tube. Except the aluminium plate the entire assembly is isolated from the beam chamber vacuum. The beam induced prompt γ -rays produced due to fusion reaction of neon (beam) with aluminium (target) were detected by the cylindrical scintillator detector, inserted inside the 20 mm bore of the phase probe tube at a distance of 50 mm from the target plate tip. The scintillator detector was covered by an aluminium casing and one end of the liquid light-guide was inserted into the casing ensuring proper coupling with the outer circular edge of the scintillator detector to minimize light leakage. A liquid light-guide of 5 m length was used to transfer the light signal from the scintillator to the PMT. The PMT was placed outside the cyclotron to minimise the interference from the magnetic field and the rf interference. A remotely operated linear drive system was used to move the probe along the radius and the radial information was obtained from a position encoder attached with the probe assembly.
The insertion diameter in the mechanical assembly of the probe was 20 mm and because of this constraint we have used a cylindrical shape plastic scintillator detector of diameter 16 mm. The outer surface of the scintillator was wrapped with a few layers of Teflon and aluminium foil as reflective layer on the scintillator surface to maximize light transfer towards light-guide. The aluminium foil, outside the scintillator surface, blocks the external light and also acts as a good heat absorber. UV optical glue was used to couple the scintillator and PMT with the light-guide as better count rate was observed in the off-line test with the optical glue as compared to bare coupling.
To get good time resolution, a BC418 plastic scintillator was chosen for its fast rise (decay) time of 0.5 (1.4) ns. The TAC full width at half maximum (FWHM) obtained for γ -γ coincidence using a 60 Co source placed in between two BC418 scintillators, positioned face to face in close geometry, was about 450 ps. For this measurement, Ortec 467 TAC and Ortec 935 CFDs were used. This time resolution (FWHM) is good enough for measurement of central phase and phase width of the beam with respect to rf since beam phase width in our cyclotron is typically about 30
• , which at 19 MHz rf frequency represents a time width of little more than 4 ns. This scintillator has other desirable properties too. For example, the wavelength of maximum emission is 391 nm, which perfectly matches with the spectral response of the light-guide. Also, BC418 does not exhibit any selfradiation property and the scintillator is quite insensitive to other particles such as electrons, protons, alpha particles, neutron, etc. The liquid light guide of model Newport-77554 was chosen for its high transmittance in the UV and visible range. The transmittance of the light guide was measured in the laboratory and was found to be 90%. A ten-stage, UV-sensitive, Photonis-XP2978 PMT was used in the final experimental setup. The PMT was coupled with the light guide by Teflon coupler to minimize light leakage and also to prevent sparks caused due to high voltage bias of PMT. The PMT was then shielded by a mu-metal to minimise the magnetic field that in turn ensures efficient light conversion.
The K500 superconducting cyclotron at Variable Energy Cyclotron Centre (VECC) has two beam diagnostics probes. One of them moves along the spiral central line of a hill, called main-probe (MP) and the other moves straight along a radial line across another hill which was used to place borescope earlier, as shown in Figure 2 . The Al target with the scintillator assembly was installed on this second probe, called here- after as the phase-probe (PP). The phase-probe can be inserted up to a radial distance of 400 mm starting from the extraction trajectory at 670 mm radius.
The experiment was carried out with Ne 4+ beam accelerated in 2nd harmonic mode at 19 MHz rf frequency. The expected beam energy was about 8 MeV/A at the extraction radius. The energy of Ne beam was sufficient to overcome the coulomb barrier and induce nuclear reaction in the Al target at 400 mm. The length of the aluminium target was more than the beam size which ensures that the target stops one or at most a few turns. The rf signal was picked up from the dee, which is adjacent to the PP (B-DEE in Figure 2 ). The circulating beam first crosses the reference dee and then hits the aluminium target.
B. Data acquisition and processing
The NIM electronics and CAMAC-based data acquisition system were used to extract the phase information. The signal from the PMT-anode was amplified by CAEN N978 variable-gain fast-amplifier module having four channels, where two of its channels were cascaded to increase the signal level of the weak PMT-output. The PMT-output was transmitted using a coaxial cable and finally fed to the input of a Constant Fraction Discriminator (CFD) module (Ortec 935) to generate the timing pulse that used as the START signal for the ORTEC 567 Time-to-Amplitude Converter (TAC), as shown in Figure 3 difference between the PMT output and the rf signal, was digitized by the Ortec AD 413 CAMAC peak sensing ADC suitable for high resolution spectroscopic applications. The maximum conversion gain of 8 K of AD 413 was used for the data acquisition. Figure 4 shows the measured raw TAC spectrum at three different radii of the cyclotron. The peak of the spectrum represents the central phase of the beam at a particular radius and phase width is obtained from the FWHM value of the spectrum. The peak and FWHM was measured by fitting the curve with standard Gaussian distribution. A typical example is shown in Figure 5 .
III. RESULTS AND DISCUSSION
In the VECC's K = 500 superconducting cyclotron, there are 14 trim coils (TC-0 to TC-13) for the tuning of the beam. The second and the 14th trim coils are also used as harmonic coils. Figure 6 shows the un-calibrated central phase of the beam along the radius of the cyclotron for three sets of trim coil currents. The curve with symbol triangle ( ) continues till extraction radius (∼670 mm). The beam current profile for this trim-coil setting on the main probe, moving on a radial range corresponding to phase probe movement range, is shown in Figure 7 . The other two curves in Figure 6 were obtained with different current settings of the trim coil 11 (TC-11). The curve with symbol circle (•) was obtained by increasing TC-11 current and the curve with symbol box ( ) is obtained decreasing TC-11 current.
The phase measurements with respect to rf voltage as shown in Figure 6 were done at radial positions along the straight line path of the PP movement. Since the angular distance of PP from the reference dee increases with radius ( Figure 2 values need to be corrected. The phase curve after "spiralcorrection" is shown in Figure 8 . The corrected phase curve still needs an absolute calibration.
For this, we used the Garren and Smith's beam phase detuning technique. [11] [12] [13] Beam detuning in our case was done by varying TC-11 current while the rf frequency was kept fixed. The TC-11 current was varied till the beam intensity as measured in the main probe was brought down to half of its value. In such a case the central phase of the beam attained either of the limiting values of ±90
• . All the phase points were again calibrated with respect to the absolute value of ±90
• . The redundancy in calibration (i.e., either by +90
• or by −90 • ) allowed crosschecking. The final phase curves of the beam after spiral-correction and phase calibration are shown in Figure 9 . The rising trend of the phase at the outer radii is due to falling field at the edge of the cyclotron poles. Figure 10 shows the phase width values along the radius. The phase width remains around 27
• from 400 mm to 600 mm. The increase in the phase width beyond 600 mm is due to the overlapping turns.
IV. CONCLUSION
A beam phase measurement technique has been developed based on γ detection using a fast plastic scintillator detector. The measurements show that this technique can be used as an effective tool for optimum isochronous tuning at the outer radii, especially at the extreme outer regions close to the extraction radius, where phase is expected to change rather sharply. This technique can also be used to detect any magnetic field related error at the outer radii. Further, if necessary, the same probe can also be used for the simultaneous measurement of the beam current with minor modification.
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